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ARTIFICIALLY INTELLIGENT MUSIC
INSTRUCTION METHODS AND SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application No. 62/726,843, titled “Artificially Intel-
ligent Music Instruction Methods and Systems,” filed by
Applicant: Michael Jancsy, on Sep. 4, 2018, Inventor:
Michael Jancsy.

This application incorporates the entire contents of the
above-referenced application herein by reference.

TECHNICAL FIELD

Various embodiments relate generally to music instruc-
tion.

BACKGROUND

Music 1s an expression of sounds. Musical sounds may be
expressed 1n various forms. Some music may include sounds
emitted by a musical instrument. A musical instrument may
be, for example, a wind instrument, a human voice, a
percussion instrument of any kind, or any other musical
istrument type. In various scenarios, musical sounds may
be encoded 1n a representation useful for reproducing the
musical sounds. In some examples, a collection of musical
sounds may be referred to as a musical segment. Some
encoded musical sound segment representations may be
referred to as a musical score. In an 1illustrative example, a
musical sound segment may be referred to as a song.

Songs may be characterized based on variation of the
pitch, rhythm, or volume of the song’s musical sounds. A
musical score may encode a song’s variation of pitch,
rhythm, or volume during the song as notes to be repro-
duced. In an 1llustrative example, a song’s pitch, rhythm, or
volume characteristics may vary over time during the song.
Some songs include periods of silence interspersed with
sound variations. An accurate reproduction of a song may
include the timing, frequency, volume, and silence charac-
teristics encoded 1n a musical score.

An 1ndividual operating a musical mstrument to repro-
duce sounds of a musical segment or song may be a
musician. A musician may play a musical mstrument to
reproduce a song from memory, or from a musical score. A
musician learning to play a musical instrument to accurately
reproduce songs may be a music student. In some scenarios,
a music student may need to learn to play their instrument
and learn to interpret the musical score, to be able to perform
a song accurately. In an illustrative example, a music student
may expend much time and effort playing music and com-
paring their performance to an example provided by a music
instructor.

SUMMARY

Apparatus and associated methods relate to comparing a
musical score model to a captured performance of the
musical score, calculating a degree of similarity between the
musical score model and the captured performance based on
the comparison, and automatically evaluating the captured
performance based on the degree of similarity and musical
score degree of difliculty determined as a function of the
musical score entropy. In an illustrative example, a musician
may be learming to play the musical score. The musical score
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2

may be modelled, for example, based on pitch, volume, and
rhythm, permitting comparison to the captured performance
of the musical score. In some examples, the musical score
degree of difficulty may be adapted based on the captured
performance evaluation. Some embodiments may generate
musical scores based on the captured performance evalua-
tion. Various examples may advantageously provide correc-
tive 1nstruction based on the degree of difliculty and the
captured performance evaluation.

Various embodiments may achieve one or more advan-
tages. For example, some embodiments may reduce a music
student’s effort learning sight reading. This facilitation may
be a result of providing improved objective feedback and
progress measurements during sight reading training. In
some embodiments, sight reading practice may be automati-
cally guided. Such automatic sight-reading training practice
guidance may reduce a music student’s effort maintaining
focus. Various embodiments may reduce a music student’s
cost obtaining practice music. Such reduced music cost may
be a result of providing additional practice music generated
at zero marginal cost. In an 1llustrative example, some
embodiments may improve the eflectiveness of a music
student’s practice. This facilitation may be a result of
providing practice music customized by artificial intelli-
gence configured to generate music tailored to a music
student’s proficiency and preference. Some embodiments
may improve assessment ol a music student’s proficiency.
Such 1mproved proficiency assessment may be a result of
measuring music difliculty based on information-theoretic
criteria such as entropy. For example, various implementa-
tions may vary the difliculty level of songs presented to a
music student based on the song entropy.

In an illustrative example, some embodiments may reduce
the effort required to generate instructional music tailored to
a music student’s proficiency level. This facilitation may be
a result of an easily automated method to measure music
difficulty as a function of song entropy. Various embodi-
ments may increase the measurement precision ol a music
student’s proficiency. Such increased proficiency measure-
ment precision may be a result of an information-theoretic
music difliculty measurement method. In an illustrative
example, some embodiments may enhance a music student’s
learning by providing objective feedback and corrective
instruction. Such enhanced learning based on objective
teedback may be a result of a music difliculty calculation
based on a song entropy measurement calculated as a
function of the song modelled as a discrete random variable.
Various embodiments may reduce the eflort required by
developers 1mplementing a music instruction method or
apparatus. Such reduced music nstruction method or appa-
ratus 1implementation effort may be a result of music difli-
culty calculation based on entropy. In an illustrative
example, a music dificulty calculation based on entropy
may provide simpler implementations as a result of mea-
suring complexity in bits of information, contrasted with
other measures which may not provide a measurement 1n
bits of information.

Some embodiments may reduce a music student’s eflort
learning to play a particular music piece. Such reduced
music piece learning effort may be a result of providing
objective feedback and progress measurement during musi-
cal piece tramning. In an illustrative example, a music stu-
dent’s eflort to maintain focus during piece training may be
reduced. This facilitation may be a result of guided piece
training practice. Some embodiments may improve the
relevance of feedback to a music student’s performances.
Such improved feedback relevance may be a result of
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synthesizing a corrected version of incorrect portions of the
music student’s performance and playing back the corrected
version for the student. In various implementations, a music
student’s working memory or fluid intelligence may be
enhanced. This facilitation may be a result of presenting the
music student with a musical stimulus sequence adapted to
the student’s indications of recerving prior stimuli. In an
illustrative example, some embodiments may reduce a
music instructor’s effort tracking a music student’s progress.
Such reduced music student progress tracking effort may be
a result of aggregated student achievement metrics measur-
ing on a note-by-note and measure-by-measure level how
cach student and group of students are progressing. Various
embodiments may improve a music student’s eflectiveness
practicing wind instrument long tones. This facilitation may
be a result of comparing tone quality performed by a student
to a reference, and providing advice suggesting tone
improvements.

Throughout the present disclosure, the term “musical
istrument” 1s to be interpreted broadly to include human
voice, wind nstruments, percussion mstruments of any kind,
or any other musical instrument.

The details of various embodiments are set forth in the
accompanying drawings and the description below. Other
teatures and advantages will be apparent from the descrip-
tion and drawings, and from the claims.

BRIEF DESCRIPTION OF THE

DRAWINGS

FIG. 1 depicts an exemplary music instruction apparatus
comparing a musical score model to a captured performance
of the musical score, calculating a degree of similarity
between the musical score model and the captured perfor-
mance based on the comparison, and automatically evalu-
ating the captured performance based on the degree of

* YR

similarity and the musical score degree of difliculty deter-
mined as a function of the musical score entropy.

FIG. 2 depicts a schematic view of an exemplary music
instruction network configured with an exemplary music
istruction apparatus adapted to comparing a musical score
model to a captured performance of the musical score,
calculating a degree of similarity between the musical score
model and the captured performance based on the compari-
son, and automatically evaluating the captured performance
based on the degree of similarity and the musical score
degree of difliculty determined as a function of the musical
score entropy.

FIG. 3 depicts a structural view of an exemplary com-
puting device configured with an Artificially Intelligent
Musical Instruction Engine (AIMIE) to compare a musical
score model to a captured performance of the musical score,
calculate a degree of similarity between the musical score
model and the captured performance based on the compari-
son, and automatically evaluate the captured performance
based on the degree of similarity and the musical score
degree of difliculty determined as a function of the musical
score entropy.

FIG. 4 depicts a process tlow of an exemplary Artificially
Intelhgent Musical Instruction Engine (AIMIE) Sight Read-

ing Trainer implementation.
FIG. 5 depicts a process tlow of an exemplary Artificially

Intelligent Musical Instruction Engine (AIMIE) Music Gen-

erator implementation.
FIGS. 6 A-6C depict exemplary musical scores encoding

music segments.
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4

FIG. 7 depicts a process tlow of an exemplary Artificially
Intelligent Musical Instruction Engine (AIMIE) Music Dii-
ficulty Measurement implementation.

Like reference symbols 1n the various drawings indicate
like elements.

DETAILED DESCRIPTION OF ILLUSTRATIV.
EMBODIMENTS

T

To aid understanding, this document i1s organized as
tollows. First, an 1llustrative music 1nstruction system com-
paring a musical score model to a captured performance of
the musical score, calculating a degree of similarity between
the musical score model and the captured performance based
on the comparison, and automatically evaluating the cap-
tured performance based on the degree of similarity and the
musical score degree of dithculty determined as a function
of the musical score entropy 1s briefly introduced with
reference to FIG. 1. Second, with reference to FIGS. 2-3, the
discussion turns to exemplary embodiments that illustrate
music 1nstruction system designs. Specifically, music
instruction network topology and music instruction device
structural designs are presented. Then, with reference to
FIGS. 4-7, illustrative Artificially Intelligent Musical
Instruction Engine (AIMIE) designs are disclosed, to
explain 1improvements in music instruction technology.

FIG. 1 depicts an exemplary music instruction apparatus
comparing a musical score model to a captured performance
of the musical score, calculating a degree of similarity
between the musical score model and the captured perfor-
mance based on the comparison, and automatically evalu-
ating the captured performance based on the degree of
similarity and the musical score degree of dificulty deter-
mined as a function of the musical score entropy. In the
example 1illustrated by FIG. 1, the music student 102
receives music 1nstruction from the exemplary music
instruction device 105. In the depicted example, the music
instruction received by the music student 102 from the
music instruction device 105 1s a music sight reading lesson.
In the illustrated example, the music student 102 plays the
musical instrument 107. In the depicted embodiment, the
music 1nstruction device 105 includes microphone 110 con-
figured to capture the musical instrument 107 sound. In the
illustrated embodiment, the music instruction device 105
includes the exemplary Artificially Intelligent Musical
Instruction Engine (AIMIE) 112 configured to present music
segment score 113 to the music student 102. In the illustrated
example, the music student 102 plays the music segment
score 115 on the musical instrument 107 while sight reading
the music segment score 1135 presented by the AIMIE 112.
In the depicted embodiment, the AIMIE 112 creates music
segment score reference model 117 as a function of the
music segment score 115. In the depicted embodiment, the
music segment score reference model 117 1s a frequency
domain audio model constructed based on a Fourier trans-
form. In the illustrated embodiment, the AIMIE 112 pro-
cesses the musical instrument 107 sound captured by the
music 1nstruction device 105 microphone 110. In the
depicted embodiment, the AIMIE 112 creates the student
performance model 122 as a function of the sound captured
by the music instruction device 105 microphone 110. In the
illustrated embodiment, the student performance model 122
1s a frequency domain audio model constructed based on a
Fourier transform. In some embodiments, the music segment
score reference model 117 and the student performance
model 122 may be predictive analytic models, decision
trees, neural networks, capsule networks, time domain mod-
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els, frequency domain models, or matrix models. In the
111ustrated embodiment, the AIMIE 112 compares the stu-
dent performance model 122 and the reference model 117,
to measure the degree of similarity 125 between the student
performance model 122 and the reference model 117. In the
depicted embodiment, the AIMIE 112 compares the mea-
sured degree of similarity 125 between the student perfor-
mance model 122 and the reference model 117 to a threshold
determined as a function of music student 102 historical
performance, to determine 1 the music student’s sight
reading performance was acceptable. In the illustrated
embodiment, the exemplary music instruction device 1035
stores the music segment score 115 with the music song
scores 127 configured 1n the music instruction device 105. In
the depicted embodiment, the exemplary music instruction
device 105 stores the student performance model 122 and
the reference model 117 with the music song models 130
configured in the music instruction device 105. In some
examples, the illustrated embodiment music instruction
device 1035 sight reading trainer 132 may provide corrective
instruction or feedback to the music student 102 based on the
AIMIE 112 evaluation of the degree of similarity 125. In the
illustrated example, the AIMIE 112 indicates “GOOD JOB”
to the student 102 via the music instruction device 1035 in
response to the AIMIE 112 determination the student 102
performance was acceptable. In some embodiments, the
sight reading trainer 132 may be omitted. In the illustrated
embodiment, the exemplary music instruction device 105
includes the music generator 135 configured to generate
musical passages intended for a musician to practice play-
ing. In various embodiments, the music generator 135 may
be configured to generate an audio model as a function of a
music segment score. In some 1mplementations, the music
generator 135 may be configured to generate a music
segment score as a function of a difliculty level. In some
embodiments, the music generator 135 may be omitted. In
the depicted embodiment, the exemplary music instruction
device 105 includes music difliculty measurement 137 con-
figured to measure how diflicult a music segment 1s to play.
In some embodiments, the music difficulty measurement
137 may determine the measured difliculty of a music
segment based on a calculation of an information-theoretic
property ol the music segment. In an illustrative example,
the music segment information-theoretic property used to
determine the music segment difhiculty level may be deter-
mined as a function of entropy. In some embodiments, the
music segment difliculty level may be determined based on
a function of Shannon entropy or related measures. In
various embodiment scenarios, entropy’s mathematical for-
mula may be advantageous because 1ts unit of measure, bits,
1s a widely understood measure of information content, and
it has theoretical grounding in the field of information theory
and probability modelling. Some embodiments of this sys-
tem may vield comparable performance using a formula
equal to a monotonic transformation of entropy, such as, for
example, Gim1 Impurity, especially those which preserve
entropy’s symmetry, although without the aforementioned
benefits of entropy. In some embodiments, the information
theoretic property used to determine the music segment
difficulty level may be determined as a function of Gini
Impurity. In some implementations of the music instruction
device 103 and sight reading trainer 132, corrective mstruc-
tion or feedback provided to the music student 102 may be
determined as a function of the music segment difliculty
level determined by the music dithculty measurement 137.
In various embodiments, the music difliculty measurement

137 may be omitted. In some embodiments, the difliculty of
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6

the music generated by the music generator 135 may be
tallored to a musician’s ability. In various examples, the
music generator 135 may be combined with the music
difficulty measurement method 137 to generate music of a
specified difliculty. In the i1llustrated embodiment, the exem-
plary music mstruction device 105 includes the piece trainer
140 adapted to help a musician learn a piece of music. In
some designs, the piece trainer 140 may present to the music
student 102 segments of a musical piece selected by the
student 102. In various embodiments, the piece trainer 140
may repeatedly present segments of the piece to the student
102, at tempos and durations to match the measured ability
of the student 102. In various designs, the piece trainer 140
may be omitted. In the depicted embodiment, the exemplary
music instruction device 105 includes the music corrector
142 configured to record the student 102 attempting to play
a passage of music and “correct” the portions of the music
which music corrector 142 determines incorrect. In some
embodiments, the music corrector 142 may play back the
corrected portions of the recording to demonstrate to the
student 102 how to correctly play the passage. In some
embodiments, the music corrector may be omitted. In the
illustrated embodiment, the exemplary music instruction
device 103 includes the memory trainer 1435 configured to
improve the working memory, fluid intelligence, ability to
sight read, and ability to memorize music passages, ol the
student 102. In various embodiments, the memory trainer
145 may present a sequence of musical stimuli to the student
102 and nstruct the student 102 to indicate to the application
every time a musical stimulus 1s the same as the one from a
designated number of steps earlier in the sequence. In
vartous embodiments, the memory trainer 145 may be
omitted. In the depicted embodiment, the exemplary music
instruction device 105 includes the student ensemble man-
ager 149 adapted to track the learming progress of a music
teacher’s students. In some embodiments, the student
ensemble manager 149 may be paired with the sight reading
trainer 132 and the piece trainer 140 to allow a music teacher
to track how their students are progressing through the sight
reading trainer 132 and the piece tramner 140 lessons. In
various embodiments, the student ensemble manager 149
may be omitted. In the illustrated embodiment, the exem-
plary music instruction device 105 includes the long tones
trainer 150 configured to help a musician practice a “long
tones” exercise performed by wind players. In an 1llustrative
example, a wind strument musician performing a “long
tones” exercise may play each note on their mstrument as
long as possible while maintaining proper intonation and
tone quality. In some embodiments, the long tones trainer
150 may measure the music student 102 student tone quality
by comparing the power spectrum of the recorded audio to
a predetermined baseline power spectrum. In various
embodiments, the long tones trainer 150 may display mea-
surements of the student 102 tone quality for each note, with
advice to improve the tone. In some designs, the long tones
trainer 150 may be omitted.

FIG. 2 depicts a schematic view ol an exemplary music
instruction network configured with an exemplary music
instruction apparatus adapted to comparing a musical score
model to a captured performance of the musical score,
calculating a degree of similarity between the musical score
model and the captured performance based on the compari-
son, and automatically evaluating the captured performance
based on the degree of similarity and the musical score
degree of difliculty determined as a function of the musical
score entropy. In FIG. 2, according to an exemplary embodi-
ment of the present disclosure, data may be transferred to the
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system, stored by the system and/or transferred by the
system to users of the system across local area networks
(LANSs) or wide area networks (WANSs). In accordance with
the previous embodiment, the system may be comprised of
numerous servers, data mining hardware, computing
devices, or any combination thereof, communicatively con-
nected across one or more LANs and/or WANs. One of
ordinary skill i the art would appreciate that there are
numerous manners in which the system could be configured,
and embodiments of the present disclosure are contemplated
for use with any configuration. Referring to FIG. 2, a
schematic overview of a system in accordance with an
embodiment of the present disclosure 1s shown. In depicted
embodiment, an exemplary system includes the exemplary
computing device 105 adapted to comparing a musical score
model to a captured performance of the musical score,
calculating a degree of similarity between the musical score
model and the captured performance based on the compari-
son, and automatically evaluating the captured performance
based on the degree of similarity and the musical score
degree of difliculty determined as a function of the musical
score entropy. In the 1llustrated embodiment, the device 105
1s communicatively and operably coupled with the WAN
201 (e.g., the Internet) to send, retrieve, or manipulate
information in storage devices, servers, and network com-
ponents, and exchange information with various other sys-
tems and devices via the WAN 201. In the depicted example,
the illustrative system 1s comprised of one or more appli-
cation servers 203 for electronically storing information
used by the system. Applications in the server 203 may
retrieve and manipulate information 1n storage devices and
exchange information through a WAN 201 (e.g., the Inter-
net). Applications 1n server 203 may also be used to manipu-
late mnformation stored remotely and process and analyze
data stored remotely across a WAN 201 (e.g., the Internet).
According to an exemplary embodiment, as shown in FIG.
2, exchange of information through the WAN 201 or other
network may occur through one or more high speed con-
nections. In some cases, high speed connections may be
over-the-air (OTA), passed through networked systems,
directly connected to one or more WANs 201 or directed
through one or more routers 202. In various implementa-
tions, router(s) 202 may be optional, and other embodiments
in accordance with the present disclosure may or may not
utilize one or more routers 202. One of ordinary skill 1n the
art would appreciate that there are numerous ways server
203 may connect to WAN 201 for the exchange of infor-
mation, and embodiments of the present disclosure are
contemplated for use with any method for connecting to
networks for the purpose of exchanging information. Fur-
ther, while this application refers to high speed connections,
embodiments of the present disclosure may be utilized with
connections of any speed. Components or modules of the
system may connect to device 105 or server 203 via WAN
201 or other network in numerous ways. For instance, a
component or module may connect to the system 1) through
a computing device 212 directly connected to the WAN 201,
11) through a computing device 205, 206 connected to the
WAN 201 through a routing device 204, or 111) through a
computing device 208, 210 connected to a wireless access
point 207. One of ordinary skill in the art will appreciate that
there are numerous ways that a component or module may
connect to device 105 or server 203 via WAN 201 or other
network, and embodiments of the present disclosure are
contemplated for use with any method for connecting to
device 105 or server 203 via WAN 201 or other network.
Furthermore, device 105 or server 203 could be comprised
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of a personal computing device, such as a smartphone,
acting as a host for other computing devices to connect to.
The commumnications means of the system may be any
circuitry or other means for communicating data over one or
more networks or to one or more peripheral devices attached
to the system, or to a system module or component. Appro-
priate communications means may include, but are not
limited to, wireless connections, wired connections, cellular
connections, data port connections, Bluetooth® connec-
tions, near field communications (NFC) connections, or any
combination thereol. One of ordinary skill in the art will
appreciate that there are numerous communications means
that may be utilized with embodiments of the present
disclosure, and embodiments of the present disclosure are
contemplated for use with any communications means.
FIG. 3 depicts a structural view of an exemplary com-
puting device configured with an Artificially Intelligent
Musical Instruction Engine (AIMIE) to compare a musical
score model to a captured performance of the musical score,
calculate a degree of similarity between the musical score
model and the captured performance based on the compari-
son, and automatically evaluate the captured performance
based on the degree of similarity and the musical score
degree of difliculty determined as a function of the musical
score entropy. In FIG. 3, the block diagram of the exemplary
computing device 105 includes processor 305 and memory
310. The processor 305 1s 1n electrical communication with
the memory 310. The depicted memory 310 includes pro-
gram memory 315 and data memory 320. The depicted
program memory 315 includes processor-executable pro-
gram 1nstructions implementing AIMIE (Artificially Intelli-
gent Musical Instruction Engine) 112. In some embodi-
ments, the illustrated program memory 315 may include
processor-executable program instructions configured to
implement an OS (Operating System). In various embodi-
ments, the OS may include processor executable program
instructions configured to implement various operations
when executed by the processor 305. In some embodiments,
the OS may be omitted. In some embodiments, the illus-
trated program memory 315 may include processor-execut-
able program instructions configured to implement various
Application Software. In various embodiments, the Appli-
cation Software may include processor executable program
instructions configured to implement various operations
when executed by the processor 305. In some embodiments,
the Application Software may be omitted. In the illustrated
embodiment, the depicted data memory 320 includes scores
and models 325. In the illustrated embodiment, the depicted
scores and models 3235 includes musical song scores and
musical song models. In some embodiments, the musical
song scores may include digital representations of musical
notation useful for music performance by a human musician
or music reproduction by an automated music performance
apparatus. In various embodiments, the musical song models
may include digital representations of music pitch, rhythm,
and volume. In the depicted embodiment, the processor 305
1s communicatively and operably coupled with the storage
medium 330. In the depicted embodiment, the processor 305
1s communicatively and operably coupled with the user
interface 340. In the depicted embodiment, the processor
305 1s communicatively and operably coupled with the I/O
(Input/Output) module 335. In the depicted embodiment, the
I/O module 335 includes a network interface. In various
implementations, the network interface may be a wireless
network interface. In some designs, the network interface
may be a Wi-Fi iterface. In some embodiments, the net-
work 1nterface may be a Bluetooth interface. In an illustra-
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tive example, the device 105 may include more than one
network interface. In some designs, the network interface
may be a wireline interface. In some designs, the network
interface may be omitted. In various implementations, the
user interface 340 may be adapted to recerve mput from a
user or send output to a user. In some embodiments, the user
interface 340 may be adapted to an input-only or output-only
user interface mode. In various implementations, the user
interface 340 may include an 1maging display. In some
embodiments, the user interface 340 may include an audio
interface. In some designs, the audio interface may include
an audio input. In various designs, the audio interface may
include an audio output. In some 1mplementations, the user
interface 340 may be touch-sensitive. In some designs, the
device 105 may include an accelerometer operably coupled
with the processor 305. In various embodiments, the device
105 may include a GPS module operably coupled with the
processor 305. In an illustrative example, the device 105
may include a magnetometer operably coupled with the
processor 305. In some embodiments, some or all parts of an
exemplary device 105 may be included within a client
device, such that the functionalities could operate 1n a
distributed manner. In some embodiments, the user interface
340 may include an input sensor array. In various imple-
mentations, the mput sensor array may include one or more
imaging sensor. In various designs, the input sensor array
may 1nclude one or more audio transducer. In some 1mple-
mentations, the mnput sensor array may include a radio-
frequency detector. In an 1illustrative example, the input
sensor array may include an ultrasonic audio transducer. In
some embodiments, the input sensor array may include
image sensing subsystems or modules configurable by the
processor 3035 to be adapted to provide 1mage input capa-
bility, 1image output capability, 1mage sampling, spectral
image analysis, correlation, autocorrelation, Fourier trans-
forms, 1image buflering, image filtering operations including
adjusting frequency response and attenuation characteristics
of spatial domain and frequency domain filters, i1mage
recognition, pattern recognition, or anomaly detection. In
various 1mplementations, the depicted memory 310 may
contain processor executable program instruction modules
configurable by the processor 305 to be adapted to provide
image 1input capability, image output capability, image sam-
pling, spectral image analysis, correlation, autocorrelation,
Fourier transforms, image buflering, image filtering opera-
tions including adjusting frequency response and attenuation
characteristics of spatial domain and frequency domain
filters, 1mage recognition, pattern recognition, or anomaly
detection. In some embodiments, the input sensor array may
include audio sensing subsystems or modules configurable
by the processor 3035 to be adapted to provide audio input
capability, audio output capability, audio sampling, spectral
audio analysis, correlation, autocorrelation, Fourier trans-
forms, audio builering, audio filtering operations including
adjusting frequency response and attenuation characteristics
of temporal domain and frequency domain filters, audio
pattern recognition, or anomaly detection. In various 1mple-
mentations, the depicted memory 310 may contain processor
executable program instruction modules configurable by the
processor 305 to be adapted to provide audio 1nput capabil-
ity, audio output capability, audio sampling, spectral audio
analysis, correlation, autocorrelation, Fourier transiforms,
audio buflering, audio filtering operations including adjust-
ing Ifrequency response and attenuation characteristics of
temporal domain and frequency domain filters, audio pattern
recognition, or anomaly detection. In the depicted embodi-
ment, the processor 305 1s communicatively and operably
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coupled with the multimedia interface 345. In the illustrated
embodiment, the multimedia interface 345 includes inter-
faces adapted to mput and output of audio, video, and 1image
data. In some embodiments, the multimedia interface 345
may 1nclude one or more still 1mage camera or video
camera. In various designs, the multimedia interface 343
may include one or more microphone. In some 1implemen-
tations, the multimedia interface 345 may include a wireless
communication means configured to operably and commu-
nicatively couple the multimedia interface 345 with a mul-
timedia data source or sink external to the device 105. In
various designs, the multimedia interface 345 may include
interfaces adapted to send, receive, or process encoded audio
or video. In various embodiments, the multimedia interface
345 may include one or more video, 1mage, or audio
encoder. In various designs, the multimedia interface 345
may include one or more video, 1image, or audio decoder. In
various implementations, the multimedia interface 345 may
include interfaces adapted to send, receive, or process one or
more multimedia stream. In various implementations, the
multimedia interface 345 may include a GPU. In some
embodiments, the multimedia interface 345 may be omitted.
Usetul examples of the illustrated device 105 include, but
are not limited to, personal computers, servers, tablet PCs,
smartphones, or other computing devices. In some embodi-
ments, multiple exemplary devices 105 may be operably
linked to form a computer network 1 a manner as to
distribute and share one or more resources, such as clustered
computing devices and server banks/farms. Various
examples of such general-purpose multi-unit computer net-
works suitable for embodiments of the disclosure, their
typical configuration and many standardized communication
links are well known to one skilled in the art, as explained
in more detail 1n the foregoing FIG. 2 description. In some
embodiments, an exemplary device 105 design may be
realized 1n a distributed implementation. In an 1llustrative
example, some device 105 designs may be partitioned
between a client device, such as, for example, a phone, and,
a more powertul server system, such as server 203, depicted
in FIG. 2. In various designs, a device 105 partition hosted
on a PC or mobile device may choose to delegate some parts
ol computation, such as, for example, machine learning or
deep learning, to a hosting server. In some embodiments, a
client device 105 partition may delegate computation-inten-
sive tasks to a host server to take advantage of a more
powerful processor, or to offload excess work. In an 1illus-
trative example, some mobile devices may be configured
with a mobile chip including an engine adapted to 1imple-
ment specialized processing, such as, for example, neural
networks, machine learning, artificial intelligence, image
recognition, audio processing, or digital signal processing.
In some embodiments, such an engine adapted to specialized
processing may have suflicient processing power to 1imple-
ment some device 105 features. However, 1n some embodi-
ments, an exemplary device 105 may be configured to
operate on device with less processing power, such as, for
example, various gaming consoles, which may not have
suilicient processor power, or a suitable CPU architecture, to
adequately support device 105 requirements. Various
embodiment device 105 designs configured to operate on a
such a device with reduced processor power may work 1n
conjunction with a more powertul server system.

FIG. 4 depicts a process tlow of an exemplary Artificially
Intelligent Musical Instruction Engine (AIMIE) Sight Read-
ing Trainer implementation. FIG. 4 depicts a process tflow of
an exemplary AIMIE Sight Reading Trainer configured 1n
the music instruction device 105 providing an illustrative
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sight reading lesson to the music student 102. The method
depicted 1n FIG. 4 1s given from the perspective of the
Artificially Intelligent Musical Instruction Engine (AIMIE)
112 executing as program instructions on the processor
(CPU) 305, depicted 1n FIG. 3. In the illustrated embodi-
ment, the AIMIE 112 executes as program instructions on
the processor 305 configured 1in the music instruction device
105, depicted 1n at least FIG. 1, FIG. 2, and FIG. 3. In some
embodiments, the Artificially Intelligent Musical Instruction
Engine (AIMIE) 112 may execute as a cloud service com-
municatively coupled with system services, hardware
resources, or software elements local to and/or external to
the music istruction device 1035. The depicted method 400
begins at step 405 with the processor 305 performing a test
to determine 1f a sight reading lesson 1s to be given using
existing music. Upon a determination by the processor 305
at step 405 a sight reading lesson 1s to be given using
existing music, the method continues at step 410 with the
processor 305 selecting an existing music segment score. In
some embodiments, a music segment score menu may be
presented to a user. In various designs, a user may select a
music segment score for a sight reading lesson. The method
continues at step 415 with the processor 305 running the
Music Difliculty Measurement (depicted by FIG. 7) as a
function of the selected music segment score to determine
the music segment score difliculty. The method continues at
step 430 with the processor 305 running the Music Genera-
tor (depicted by FIG. 5) as a function of the music segment
score to create a reference audio model of the music segment
score. The method continues at step 435 with the processor
305 creating a student performance audio model as a func-
tion of a captured music student 102 reproduction of the
music segment score. The method continues at step 440 with
the processor 305 comparing the student performance audio
model to the reference audio model, to measure a degree of
similarity between the student performance audio model and
the reference audio model based on the comparison. The
method continues at step 445 with the processor 305 com-
paring the measured degree of similarity between the student
performance audio model and the reference audio model to
a threshold determined as a function of music student
historical performance, to determine 11 the music student’s
performance was acceptable, based on the comparison. At
step 450 the processor 305 performs a test to determine 1f the
music student’s performance was acceptable, based on the
comparison performed by the processor 305 at step 445.
Upon a determination by the processor 305 at step 450 the
music student’s performance was not acceptable, the method
continues at step 455 with the processor 305 indicating
corrective instruction generated as a function of music
segment difliculty level, music segment score, and student
performance, and the method continues at step 405 with the
processor 305 performing a test to determine 1f a sight
reading lesson 1s to be given using existing music. Upon a
determination by the processor 305 at step 450 the music
student’s performance was acceptable, the method continues
at step 460 with the processor 305 indicating acceptable
performance. The method continues at step 465 with the
processor 305 increasing the music segment dithculty level,
and the method continues at step 405 with the processor 305
performing a test to determine 11 a sight reading lesson 1s to
be given using existing music. Upon a determination by the
processor 305 at step 405 a sight reading lesson 1s not to be
grven using existing music, the method continues at step 420
with the processor 305 selecting an 1nitial music segment
dificulty level. The method continues at step 4235 with the
processor 305 running the Music Generator (depicted by
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FIG. §) as a function of the music segment difliculty level to
generate a music segment score at the selected music
segment difficulty level. The method continues at step 430
with the processor 305 running the Music Generator (de-
picted by FIG. 5) as a function of the music segment score
to create a reference audio model of the music segment
score, and the method continues as described Supra. In an
illustrative example, “sight reading’ 1s playing a passage of
music from a score without previously studying the score or
practicing the passage. In some embodiments, an exemplary
sight reading trainer 132 design may display a musical score
on a device 105 screen for the user to play. In various
embodiments, the musical score may scroll across the screen
in time with the music. In some implementations, the
microphone 110 may listen to the musician 102 play or
attempt to play the notes displayed on the screen, and the
sight reading trainer 132 may capture the microphone 110
input. In various embodiments, the sight reading trainer 132
may process a wavelorm obtained from microphone input so
that the user’s performance may be directly compared to the
notes the user attempted to play, using, for example, tech-
niques including Fourier transformation; the “Puckette”
algorithm; Matrix factorization; including non-negative
matrix factorization; Neural networks; or Capsule networks.
In some embodiments, an exemplary sight reading trainer
132 may compare the processed input to the attempted notes
and compute a measurement of similarity. In various
designs, an embodiment sight reading trainer 132 may
display the result of the comparison to the user, indicating
how well they are performing, and adjusts the difhiculty of
the music subsequently displayed to the user, so that the
music’s difliculty 1s commensurate with or slightly more
diflicult than what the user i1s able to play.

FIG. 5 depicts a process tlow of an exemplary Artificially
Intelligent Musical Instruction Engine (AIMIE) Music Gen-
erator 1implementation. FIG. 5 depicts a process flow of
exemplary AIMIE Music Generator music segment score
and music segment model creation. The method depicted 1n
FIG. 5 1s given from the perspective of the Artificially
Intelligent Musical Instruction Engine (AIMIE) 112 execut-
ing as program instructions on the processor (CPU) 305,
depicted in FIG. 3. In the illustrated embodiment, the AIMIE
112 executes as program instructions on the processor 305
configured 1n the music instruction device 105, depicted by
at least FIG. 1, FIG. 2, and FIG. 3. In some embodiments,
the Artlﬁcmlly Intelhgent Musical Instruction Englne
(AIMIE) 112 may execute as a cloud service communica-
tively coupled with system services, hardware resources, or
software elements local to and/or external to the music
instruction device 1035. The depicted method 500 begins at
step 505 with the processor 305 performing a test to deter-
mine 1f the method was invoked to generate a music segment
score as a function of difliculty level. Upon a determination
by the processor 305 at step 505 the method was not invoked
to generate a music segment score as a function of difficulty
level, the method continues at step 510 with the processor
305 performing a test to determine 1f the method was
invoked to generate a music segment audio model as a
function of a music segment score. Upon a determination by
the processor 305 at step 510 the method was not invoked to
generate a music segment audio model as a function of a
music segment score, the method continues at step 515 with
the processor 305 creating a music segment score generated
as a function of a randomly selected difliculty level. The
method continues at step 525 with the processor 303 creat-
ing a music segment audio model generated as a function of
the music segment score, and the method ends at step 530
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with the processor 305 returning the music segment score,
difficulty level, and audio model to the calling process. Upon
a determination at step 510 the method was invoked to
generate a music segment audio model as a function of a
music segment score, the method continues at step 5235 with
the processor 305 creating a music segment audio model
generated as a function of the music segment score, and the
method ends at step 530 with the processor 305 returning the
music segment score, dithculty level, and audio model to the
calling process. Upon a determination by the processor 3035
at step 505 the method was invoked to generate a music
segment score as a function of dithculty level, the method
continues at step 520 with the processor 305 creating a
music segment score generated as a function of difficulty
level. The method continues at step 525 with the processor
305 creating a music segment audio model generated as a
function of the music segment score, and the method ends at
step 330 with the processor 305 returning the music segment
score, difliculty level, and audio model to the calling pro-
cess. In various embodiments, an exemplary Music Genera-
tor may generate musical passages intended for a musician
to practice playing. In some embodiment designs, an exem-
plary Music Generator may tailor the difficulty of the
generated music to be appropriate for a given user’s ability.
Various Music Generator embodiment designs may generate
music using Markov models or neural networks. In an
illustrative example, an embodiment Music Generator may
be combined with an embodiment Sight Reading Trainer,
configured such that the Sight Reading Trainer displays
music generated by the Music Generator. In some examples,
an embodiment Music Generator may be combined with an
embodiment Music Difliculty Measurement Method to gen-
crate music of a specified dithculty. In an illustrative
example, an embodiment Music Generator may tailor a
composition’s difliculty to a specific user’s skill level. Some
embodiments may advantageously provide unlimited
amounts of previously unseen music at low cost for musi-
cilan practice.

FIGS. 6 A-6C depict exemplary musical scores encoding
music segments. In an illustrative example, some embodi-
ment Music Difliculty Measurement methods may apply the
information-theoretic concept of “entropy” to music.
Examples illustrative of various embodiment AIMIE 112
Music Difliculty Measurement method 137 application sce-
narios will be disclosed with reference to FIGS. 6 A-6C. In
various exemplary scenarios, some embodiment Music Dii-
ficulty Measurement methods may be applied to an entire
piece of music by measuring the entire piece as a single
segment, or by measuring component segments of the piece
and aggregating the measurement by summing, averaging,
describing the distribution of segment measurements (for
example, percentiles, range, or the like), or other mathemati-
cal operations. Some embodiment Music Difliculty Mea-
surement methods may be varied by treating rhythmic and
pitch entropy separately, resulting 1n two distinct measure-
ments for a piece of music. Various embodiments may
compute entropy by modeling pitch and rhythm together as
a single random variable. Some embodiments may compute
entropy by modeling pitch and rhythm as joint random
variables. In an 1illustrative example, some embodiment
designs may compute the entropy of a passage of music to
measure the dithiculty of playing the passage of music. In an
illustrative example, it 1s an object of various embodiments
ol the present disclosure to improve music nstruction tech-
nology based on introducing the use of entropy to measure
the dithiculty of playing a passage of music. As should be
recognized by one of ordinary skill 1n the probability theory
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or information theory arts, the entropy of a music passage
may be computed 1n various ways, without departing from
the herein disclosed improvement introduced to music
instruction technology based on the use of entropy to
measure the difliculty of playing a passage of music. In
various i1mplementations, aiter entropy 1s calculated, the
entropy measurement may be converted into a measurement
that considers the speed at which the music 1s played, for
example, a “bit rate.” In an illustrative example, 11 a segment
of music has an entropy of b=2 bits, and 1s played over a
duration of 1 second, the difliculty measurement 1s 2 bits/
second. In another example, 1f a piece of music has an
entropy of b=10 bits, and 1s played over a duration of 4
seconds, the difliculty measurement 1s 10/4=2.5 bits/second.
In various scenarios, entropy calculated using a different
value of b can be equivalently converted. For example, 1
b=10, then the difliculty may be measured 1n bans/second. In
some embodiments, an exemplary Music Difliculty Mea-
surement method 137 may model a segment of music as a
discrete random variable, such that each note in the segment
may be considered a possible outcome of the random
variable, and the probability of each outcome 1s proportional

to the duration of the corresponding note. In an illustrative
example, a single measure (1in 4/4 time) with four quarter
notes may be modelled as a random variable with 4 equally
likely outcomes. In various embodiments, a single measure
(1n 6/8 time) with 1 dotted-quarter note and 3 eighth notes
may be modelled as a random variable with 1 outcome with
probability 14, and 3 other outcomes each with probability
6. In some embodiments, consecutive notes expressed as a
“tie” may be considered a single note for purposes of these
exemplary calculations. In an 1illustrative example, the dii-
ficulty of a segment of music may be determined by first
computing the entropy of such a random variable.

FIG. 6A depicts an exemplary single measure (1n 4/4
time) having four quarter notes. In an illustrative example,
an entropy measure ol the exemplary music segment
depicted by FIG. 6 A may be calculated to measure the music
segment dithculty:

X =1{x1, X2, X3, X4} = 4 quarter notes

Px)=1/4 tor all x

n 4
Entropy(X) = —Z P(x;) x log, (P(x;)) = —Z (1/4)xlog,(1/4) = 2 bits
=1 =1

where n 1s the number of possible outcomes (4) and b 1s
the base of the logarithm. In various examples, one may
choose any positive real value for b not equal to 1. In
an 1llustrative example, a choice of b=2 will measure
entropy 1n “bits.” In this example, the pitch of the notes
1s not relevant.

FIG. 6B depicts an exemplary single measure 1llustrating,
three distinct pitches to explain how the pitch and rhythm are
considered 1 embodiment music difliculty measurements
based on entropy calculations. The example given with
reference to FI1G. 6B 1s similar to the example described with
reference to FIG. 6 A, however, the pitch of the notes 1s also
considered 1n the example given with reference to FIG. 6B.
In an illustrative example, we define two random variables,
one for pitch and one for rhythm, and add the entropy of both
pitch and rhythm to determine the entropy of the musical
segment. The rhythm of the example given with reference to
FIG. 6B 1s the same as the rhythm of the example given with
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reference to FIG. 6A, and i view of this, the rhythmic
entropy of the example given with reference to FIG. 6B 1s
equal to 2. Turning now with reference to FIG. 6B to pitch

entropy calculations, we note there are 3 distinct pitches 1n
this segment 1illustrated by FIG. 6B (B, C, and F), and in

view of this, we define a random variable over the set of
pitches:

Y:{}’l:}’z:}’3}:{31 C:F}

The probability 1s proportional to the total duration of each
pitch 1n the segment. For example:

P(B)=Y>

because 1t sounds for halt of the measure.

P(C)=1/4

P(F)=1/4

Entropy(Y) = _Z P(x;) xlog, (P(x;)) =
i=1

= —[(1/2) xlog,(1/2) + (1/4) xlog, (1 /4) + (1 /4) =

logy (1/4)]
= 1.5

Entropy(X) + Entropy(¥Y) =2 + 1.5 = 3.5 bits

Note that 1n the illustrative example given with reference to
FIG. 6B, if every pitch in the measure were the same (1.e.
only one pitch) then the total entropy would be equal to the
rhythmic entropy. In some scenarios, 1f, for example, each
pitch was distinct, with none repeated, then the total entropy
would be higher than a case where some pitches are
repeated.

FIG. 6C depicts a single measure 1llustrating exemplary
polyphonic music in which more than one pitch can sound
at a time. An 1llustrative example of embodiment polyphonic
music difficulty measurements based on entropy calcula-
tions 1s given with reference to FIG. 6C. In the exemplary
scenario described, the computation may be split into rhyth-
mic entropy and pitch entropy. In the embodiment described,
the rhythmic entropy calculated with reference to FIG. 6C 1s

the same as the rhythmic entropy calculated with reference
o FIGS. 6A and 6B, for example,

Entropy(X)=2

In the example given with reference to FIG. 6C, an

exemplary pitch random variable may be defined over the
set of all pitches that appear 1n this segment:

Y={G,4,B,C,D,E)

In an 1llustrative example, the probability of a given pitch 1s
proportional to 1ts total duration 1n the segment of music. In
various implementations, the duration of a pitch 1n a mea-
sure 1s measured wrrespective of whether any other pitch
sounds at the same time. In the illustrative example given
with reference to FIG. 6C, G sounds for the length of one
quarter note, and B sounds for the length of two quarter
notes, 1n total.

PG)=1/8, PA)=1/8, P(B)=1/4, P(C)=1/4, P(D)=1/8,

PE)=1/8
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-continued

Entropy(Y) = _Z P(x;) = log, (P(x;))
=1

= —[4%(1/8)«log,(1/8)+2(1/4) xlog,(1/4)]
=2.5

The total entropy 1s therefore:

Entropy(X)+Entropy(Y)=2+2.5=4.5 bits

FIG. 7 depicts a process tlow of an exemplary Artificially
Intelligent Musical Instruction Engine (AIMIE) Music Dii-
ficulty Measurement implementation. FIG. 7 depicts a pro-
cess tlow of an exemplary AIMIE Music Diiliculty Mea-
surement method measuring music segment score difliculty
determined as a function of entropy. The method depicted 1n
FIG. 7 1s given from the perspective of the Artificially
Intelligent Musical Instruction Engine (AIMIE) 112 execut-

ing as program instructions on the processor (CPU) 305,
depicted 1n FIG. 3. In the 1llustrated embodiment, the AIMIE

112 executes as program instructions on the processor 305
configured 1n the music struction device 1035, depicted 1n
at least FIG. 1, FIG. 2, and FIG. 3. In some embodiments,
the Artificially Intelligent Musical Instruction Engine
(AIMIE) 112 may execute as a cloud service communica-
tively coupled with system services, hardware resources, or
software elements local to and/or external to the music
instruction device 105. The depicted method 700 begins at
step 705 with the processor 305 creating a music segment
score difhculty measurement model based on constructing a
discrete random variable as a function of a music segment
score, such that each note 1n the segment 1s a possible
outcome of the random variable, and the probability of each
outcome 1s proportional to the duration of the corresponding
note. The method continues at step 710 with the processor
305 determining the music segment score difliculty deter-
mined based on computing the music segment score difli-
culty measurement model entropy. The method continues at
step 715 with the processor 305 converting the computed
music segment score difliculty measurement model entropy
measurement to a bit-rate difhiculty measurement based on
the intended music segment playing speed determined as a
function of the music segment score. The method continues
at step 720 with the processor 3035 returning the bit-rate
difficulty measurement to the calling process, and the
method ends at step 725. In some embodiments, an exem-
plary Music Difliculty Measurement method may advanta-
geously provide an objective, easily automated, and formu-
laic music difhculty measurement determined based on
information theory.

Although various embodiments have been described with
reference to the Figures, other embodiments are possible. In
an 1illustrative example, some embodiment designs may
implement a Piece Trainer 140 design. For example, an
exemplary piece tramner 140 design may help a musician
learn a piece of music. In some piece trainer 140 embodi-
ments, musical passages presented to the user may be from
a piece of music specified by the user (instead of exercises
selected or generated by an application). In various
examples, a piece tramner 140 implementation may repeat-
edly present segments of the piece to the user, at tempos and
durations to match the measured ability of the user. In some
embodiments, a piece trainer 140 may track how much of
the piece the user has learned and how well the user has
learned 1t. In various examples, an embodiment piece trainer
140 implementation may measure the user’s progress on
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different segments of the piece and make recommendations
of what they should practice based on their measured
progress. In an 1illustrative example, an embodiment Piece
Trainer 140 may apply various machine learning methods,
for example, neural and capsule networks, for more accurate
pitch measurements. Various implementations may help a
user plan which parts of the piece they should practice.
Some designs may combine with a Student Ensemble Man-
ager to share progress with a teacher or ensemble leader.

Some embodiments may provide a Music Corrector 142
design. For example, an embodiment music corrector 142
implementation may record a user attempting to play a
passage ol music and “correct” the portions of the music
which 1t deems incorrect. In some embodiment music cor-
rector 142 designs, the music corrector 142 may play back
the corrected portions of the recording to demonstrate to the
user how to correctly play the passage. In various music
corrector 142 embodiments, a corrected version of the
recording may be synthesized by combining the originally
recorded segment and a pretrained model of what the user’s
instrument sounds like. In an illustrative example, some
embodiment music corrector 142 pretrained models may be,
for example, an “NMF” (non-negative matrix factorization)
model, or, a neural network.

Various designs may include a Memory Trainer 145
embodiment. For example, some embodiment memory
trainer 145 designs may help improve a user’s working,
memory, fluid intelligence, ability to sight read, and ability
to memorize passages of music. Various memory trainer 145
embodiments may include an adaptation of an “n-back™
memory task. In an embodiment adaptation of an “n-back”™
memory task, an exemplary memory trainer 145 design may
present a sequence of musical stimuli to the user and mstruct
the user to indicate when a musical stimulus 1s the same as
one Irom n-steps earlier 1in the sequence. In an illustrative
example, stimuli may include notes, chords, rests, or
sequences of these, displayed on a stafl or staves; and,
recordings ol notes, chords, rests, or musical passages
played through a speaker or headphones for the user to hear.
In some exemplary memory trainer 145 embodiment sce-
narios, sequences may be deemed to “match” based on
varying criteria, including: pitch, duration, rhythmic pattern,
patterns of pitch-intervals, or timbre. In some designs, a user
may indicate a match by doing any of the following;:
pressing a button or part of the device’s screen or playing
back the musical stimuli. In some 1mplementations, musical
stimuli played back by a user may be captured by the
memory trainer 145 microphone 110 and measured for
accuracy 1n a manner similar to the Sight Reading Trainer
132.

In an 1llustrative example, some embodiment implemen-
tations may include a Student Ensemble Manager 149
design. For example, an embodiment student ensemble
manager 149 design may pair with a Sight Reading Trainer
132 and Piece Trainer 140 to allow a music teacher to track
how their students are progressing through the Sight Read-
ing Trainer 132 and Piece Traimner 140 lessons. In some
exemplary student ensemble manager 149 implementation
scenarios, when more than one of a teacher’s students are
learning the same piece of music, an embodiment student
ensemble manager 149 may aggregate the students” achieve-
ment metrics to show which parts of the piece and which
aspects of their playing (such as, for example, long tones, or
arpeggios) the students can play well or poorly. In various
embodiment student ensemble manager 149 examples, a
teacher may see on a note-by-note and measure-by-measure
level how each student, each group of students, each section
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of their ensemble (such as, for example, the violins) are
doing. In 1illustrative examples, an embodiment student
ensemble manager 149 may show: the trumpet section 1s on
average slightly behind the beat on the 3rd beat of the second
measure of a piece; the violins practiced on average 2 hours
per user 1n the last week; and, the cellos tend to play the first
note 1n the fifth measure too sharp. In some embodiments,
student achievement metrics may be sourced from other
applications, such as a Sight Reading Trainer 132, a Piece
Trainer 140, or a Memory Tramner 145. Some student
ensemble manager 149 embodiments may aggregate many
students’ performance to show how a group of students are
performing on the same segments ol music, allowing a
teacher to know fine-grained details about his/her students’
practice before they meet for a lesson or rehearsal.

Some embodiment designs may provide a Long Tones
Trainer 150 implementation. For example, an embodiment
Long Tones Trainer 150 design may help players of wind
istruments, such as, for example, trumpet, or clarinet,
practice “long tones.” In an 1illustrative example, “long
tones” may be a specific exercise practiced by wind players,
during which they play each note on their instrument as long
as possible while maintaining proper intonation and tone
quality. Some embodiment Long Tones Trainer 150 designs
may measure how long the user plays each note. In various
embodiments, an exemplary Long Tones Trainer 150 may
measure the intonation of each note at repeated intervals.
Various designs may display to the user their intonation
quality for each note in aggregate, at each point of each note
(for example, “+10 Hz at second 37, “-5 Hz at second 57),
and for various ranges of notes (for example, octave 3,
octave J), using text, graphs, or other visualizations. Some
implementations may display a measure of the user’s tone
quality for each note. Some embodiments may measure tone
quality by comparing the power spectrum of the recorded
audio to a predetermined baseline power spectrum. Various
designs may display measurements of their tone quality for
cach note and advice for how to improve their tone. In an
illustrative example, an embodiment Long Tones Trainer
150 design may indicate “Notes 1n octave S sound pinched,
so you should try straightening your posture and positioning,
your clarinet more vertically.” In various embodiments, a
Long Tones Trainer 150 design may provide a unified tool
to practice long tones, without using a separate tuner and
timer

Various implementations may include a music generator
design adapted to configure or train the music generator to
generate music ol a specilic style, for example, jazz, pop.
classical, or rock. In some designs, the music generator may
be configured to adapt the generated music to incorporate
specific stylistic elements, such as, for example, arpeggios,
or parallel octaves.

In some embodiments, an exemplary sight reading trainer
132 may apply various machine learning methods, such as,
for example, neural and capsule networks, for more accurate
pitch measurements. Some embodiment sight reading trainer
132 designs may combine with a Music Generator and
Music Difliculty Measurement Method to supply an infinite
amount of practice music which 1s tailored to the user’s skill
level. Various embodiment sight reading trainer 132 designs
may combines with a Student Ensemble Manager to share
progress with a teacher or ensemble leader.

In the Summary above and in this Detailed Description,
and the Claims below, and 1n the accompanying drawings,
reference 1s made to particular features of various embodi-
ments of the mvention. It 1s to be understood that the
disclosure of embodiments of the invention 1n this specifi-
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cation includes all possible combinations of such particular
teatures. For example, where a particular feature 1s disclosed
in the context of a particular aspect or embodiment of the
invention, or a particular claim, that feature can also be
used—to the extent possible—in combination with and/or in
the context of other particular aspects and embodiments of
the invention, and in the mvention generally.

While multiple embodiments are disclosed, still other
embodiments of the present invention will become apparent
to those skilled 1n the art from this detailed description. The
invention 1s capable of myriad modifications 1n various
obvious aspects, all without departing from the spirit and
scope of the present imvention. Accordingly, the drawings
and descriptions are to be regarded as illustrative 1n nature
and not restrictive.

It should be noted that the features illustrated in the
drawings are not necessarily drawn to scale, and features of
one embodiment may be employed with other embodiments
as the skilled artisan would recognize, even 1f not explicitly
stated herein. Descriptions of well-known components and
processing techniques may be omitted so as to not unnec-
essarily obscure the embodiments.

In the present disclosure, various features may be
described as being optional, for example, through the use of
the verb “may;”, or, through the use of any of the phrases:

=2 B Y

“in some embodiments,” “in some implementations,” “in
bl 4 br e L

some designs,” “in various embodiments,” “in various
implementations,”, “in various designs,” “in an 1illustrative
example,” or “for example;” or, through the use of paren-
theses. For the sake of brevity and legibility, the present
disclosure does not explicitly recite each and every permu-
tation that may be obtained by choosing from the set of
optional features. However, the present disclosure 1s to be
interpreted as explicitly disclosing all such permutations.
For example, a system described as having three optional
features may be embodied 1n seven different ways, namely
with just one of the three possible features, with any two of
the three possible features or with all three of the three
possible features.

In various embodiments, elements described herein as
coupled or connected may have an eflectual relationship
realizable by a direct connection or indirectly with one or
more other mtervening elements.

In the present disclosure, the term “any” may be under-
stood as designating any number of the respective elements,
1.¢. as designating one, at least one, at least two, each or all
of the respective elements. Similarly, the term “any” may be
understood as designating any collection(s) of the respective
clements, 1.¢. as designating one or more collections of the
respective elements, a collection comprising one, at least
one, at least two, each or all of the respective elements. The
respective collections need not comprise the same number of
clements.

While various embodiments of the present invention have
been disclosed and described in detail herein, 1t will be
apparent to those skilled 1n the art that various changes may
be made to the configuration, operation and form of the
invention without departing from the spirit and scope
thereol. In particular, 1t 1s noted that the respective features
of embodiments of the invention, even those disclosed
solely 1n combination with other features of embodiments of
the mvention, may be combined in any configuration except-
ing those readily apparent to the person skilled in the art as
nonsensical. Likewise, use ol the singular and plural 1s
solely for the sake of illustration and 1s not to be interpreted

as limiting.
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In the present disclosure, all embodiments where “com-
prising’’ 1s used may have as alternatives “consisting essen-
tially of,” or “consisting of.” In the present disclosure, any
method or apparatus embodiment may be devoid of one or
more process steps or components. In the present disclosure,
embodiments employing negative limitations are expressly
disclosed and considered a part of this disclosure.

Certain terminology and derivations thereof may be used
in the present disclosure for convenience in reference only
and will not be limiting. For example, words such as
“upward,” “downward,” “left,” and “right” would refer to
directions in the drawings to which reference 1s made unless
otherwise stated. Similarly, words such as “mward” and
“outward” would refer to directions toward and away from,
respectively, the geometric center of a device or area and
designated parts thereof. References in the singular tense
include the plural, and vice versa, unless otherwise noted.

The term “comprises”, and grammatical equivalents
thereol are used herein to mean that other components,
ingredients, steps, among others, are optionally present. For
example, an embodiment “comprising’ (or “which com-
prises’’) components A, B and C can consist of (1.e., contain
only) components A, B and C, or can contain not only
components A, B, and C but also contain one or more other
components.

Where reference 1s made herein to a method comprising
two or more defined steps, the defined steps can be carried
out 1n any order or simultaneously (except where the context
excludes that possibility), and the method can include one or
more other steps which are carried out before any of the
defined steps, between two of the defined steps, or after all
the defined steps (except where the context excludes that
possibility).

The term “at least” followed by a number 1s used herein
to denote the start of a range beginning with that number
(which may be a range having an upper limit or no upper
limit, depending on the wvanable being defined). For
example, “at least 1” means 1 or more than 1. The term “at
most” followed by a number (which may be a range having
1 or O as 1ts lower limit, or a range having no lower limiat,
depending upon the vanable being defined). For example,
“at most 4” means 4 or less than 4, and “at most 40%’ means
40% or less than 40%. When, 1n this specification, a range
1s given as “(a first number) to (a second number)” or “(a
first number)-(a second number),” this means a range whose
limit 1s the second number. For example, 25 to 100 mm
means a range whose lower limit 1s 25 mm and upper limit
1s 100 mm.

Many suitable methods and corresponding materials to
make each of the individual parts of embodiment apparatus
are known 1n the art. According to an embodiment of the
present mvention, one or more of the parts may be formed
by machining, 3D printing (also known as “additive” manu-
facturing), CNC machined parts (also known as “subtrac-
tive” manufacturing), and injection molding, as will be
apparent to a person of ordinary skill in the art. Metals,
wood, thermoplastic and thermosetting polymers, resins and
clastomers as may be described herein-above may be used.
Many suitable materials are known and available and can be
selected and mixed depending on desired strength and
flexibility, preferred manufacturing method and particular
use, as will be apparent to a person of ordinary skill 1n the
art.

Any element 1n a claim herein that does not explicitly
state “means for” performing a specified function, or “step
for” performing a specific function, 1s not to be interpreted
as a “means” or “step” clause as specified in 35 U.S.C. § 112
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(1). Specifically, any use of “step of’” in the claims herein 1s
not intended to invoke the provisions of 35 U.S.C. § 112 ().

According to an embodiment of the present invention, the
system and method may be accomplished through the use of
one or more computing devices. As depicted, for example,
at least 1n FIG. 1, FIG. 2, and FIG. 3, one of ordinary skill
in the art would appreciate that an exemplary system appro-
priate for use with embodiments in accordance with the
present application may generally include one or more of a
Central processing Unit (CPU), Random Access Memory
(RAM), a storage medium (e.g., hard disk drive, solid state
drive, tlash memory, cloud storage), an operating system
(OS), one or more application software, a display element,
one or more communications means, or one or more put/
output devices/means. Examples of computing devices
usable with embodiments of the present invention include,
but are not limited to, proprietary computing devices, per-
sonal computers, mobile computing devices, tablet PCs,
mim-PCs, servers or any combination thereof. The term
computing device may also describe two or more computing
devices communicatively linked 1n a manner as to distribute
and share one or more resources, such as clustered comput-
ing devices and server banks/farms. One of ordinary skill 1n
the art would understand that any number of computing
devices could be used, and embodiments of the present
invention are contemplated for use with any computing
device.

In various embodiments, communications means, data
store(s), processor(s), or memory may interact with other
components on the computing device, in order to effect the
provisioning and display of various functionalities associ-
ated with the system and method detailed herein. One of
ordinary skill i the art would appreciate that there are
numerous configurations that could be utilized with embodi-
ments of the present invention, and embodiments of the
present invention are contemplated for use with any appro-
priate configuration.

According to an embodiment of the present invention, the
communications means of the system may be, for instance,
any means for communicating data over one or more net-
works or to one or more peripheral devices attached to the
system. Appropriate communications means may include,
but are not limited to, circuitry and control systems for
providing wireless connections, wired connections, cellular
connections, data port connections, Bluetooth connections,
or any combination thereof. One of ordinary skill in the art
would appreciate that there are numerous communications
means that may be utilized with embodiments of the present
invention, and embodiments of the present invention are
contemplated for use with any communications means.

Throughout this disclosure and elsewhere, block diagrams
and tlowchart 1llustrations depict methods, apparatuses (1.e.,
systems), and computer program products. Each element of
the block diagrams and flowchart illustrations, as well as
cach respective combination of elements i the block dia-
grams and flowchart illustrations, illustrates a function of the
methods, apparatuses, and computer program products. Any
and all such functions (“depicted functions™) can be 1imple-
mented by computer program instructions; by special-pur-
pose, hardware-based computer systems; by combinations
of special purpose hardware and computer instructions; by
combinations of general purpose hardware and computer
instructions; and so on—any and all of which may be
generally referred to heremn as a “circuit,” “module,” or
“system.”

While the foregoing drawings and description may set
forth functional aspects of the disclosed systems, no par-
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ticular arrangement of software for implementing these
functional aspects should be inferred from these descriptions
unless explicitly stated or otherwise clear from the context.

Each element 1n flowchart 1llustrations may depict a step,
or group ol steps, of a computer-implemented method.
Further, each step may contain one or more sub-steps. For
the purpose of illustration, these steps (as well as any and all
other steps 1dentified and described above) are presented 1n
order. It will be understood that an embodiment can contain
an alternate order of the steps adapted to a particular
application of a technique disclosed herein. All such varia-
tions and modifications are intended to fall within the scope
of this disclosure. The depiction and description of steps 1n
any particular order 1s not intended to exclude embodiments
having the steps 1n a different order, unless required by a
particular application, explicitly stated, or otherwise clear
from the context.

Traditionally, a computer program consists of a sequence
of computational instructions or program instructions. It will
be appreciated that a programmable apparatus (1.e., comput-
ing device) can receive such a computer program and, by
processing the computational 1nstructions thereot, produce a
further technical effect.

A programmable apparatus may include one or more
microprocessors, microcontrollers, embedded microcon-
trollers, programmable digital signal processors, program-
mable devices, programmable gate arrays, programmable
array logic, memory devices, application specific integrated
circuits, or the like, which can be suitably employed or
configured to process computer program instructions,
execute computer logic, store computer data, and so on.
Throughout this disclosure and elsewhere a computer can
include any and all suitable combinations of at least one
general purpose computer, special-purpose computer, pro-
grammable data processing apparatus, processor, processor
architecture, and so on.

It will be understood that a computer can include a
computer-readable storage medium and that this medium
may be internal or external, removable and replaceable, or
fixed. It will also be understood that a computer can include
a Basic Input/Output System (BIOS), firmware, an operating
system, a database, or the like that can include, interface
with, or support the software and hardware described herein.

Embodiments of the system as described herein are not
limited to applications involving conventional computer
programs or programmable apparatuses that run them. It 1s
contemplated, for example, that embodiments of the inven-
tion as claimed herein could include an optical computer,
quantum computer, analog computer, or the like.

Regardless of the type of computer program or computer
involved, a computer program can be loaded onto a com-
puter to produce a particular machine that can perform any
and all of the depicted functions. This particular machine
provides a means for carrying out any and all of the depicted
functions.

Any combination of one or more computer readable
medium(s) may be utilized. The computer readable medium
may be a computer readable signal medium or a computer
readable storage medium. A computer readable storage
medium may be, for example, but not limited to, an elec-
tronic, magnetic, optical, electromagnetic, infrared, or semi-
conductor system, apparatus, or device, or any suitable
combination of the foregoing. More specific examples (a
non-exhaustive list) of the computer readable storage
medium would include the following: an electrical connec-
tion having one or more wires, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
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memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an
optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this
document, a computer readable storage medium may be any
tangible medium that can contain or store a program for use
by or in connection with an instruction execution system,
apparatus, or device.

Computer program instructions can be stored in a com-
puter-readable memory capable of directing a computer or
other programmable data processing apparatus to function 1in
a particular manner. The instructions stored in the computer-
readable memory constitute an article of manufacture
including computer-readable instructions for implementing
any and all of the depicted functions.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electromag-
netic, optical, or any suitable combination thereof. A com-
puter readable signal medium may be any computer readable
medium that 1s not a computer readable storage medium and
that can communicate, propagate, or transport a program for
use by or 1 connection with an instruction execution
system, apparatus, or device.

Program code embodied on a computer readable medium
may be transmitted using any appropriate medium, includ-
ing but not limited to wireless, wireline, optical fiber cable,
RF, etc., or any suitable combination of the foregoing.

The elements depicted 1n flowchart 1llustrations and block
diagrams throughout the figures imply logical boundaries
between the elements. However, according to soltware or
hardware engineering practices, the depicted elements and
the functions thereof may be implemented as parts of a
monolithic software structure, as standalone software mod-
ules, or as modules that employ external routines, code,
services, and so forth, or any combination of these. All such
implementations are within the scope of the present disclo-
sure.

Unless explicitly stated or otherwise clear from the con-
text, the verbs “execute”, and “process” are used inter-
changeably to indicate execute, process, interpret, compile,
assemble, link, load, any and all combinations of the fore-
going, or the like. Therefore, embodiments that execute or
process computer program instructions, computer-execut-
able code, or the like can suitably act upon the istructions
or code 1n any and all of the ways just described.

The functions and operations presented herein are not
inherently related to any particular computer or other appa-
ratus. Various general-purpose systems may also be used
with programs in accordance with the teachings herein, or it
may prove convenient to construct more specialized appa-
ratus to perform the required method steps. The required
structure for a variety of these systems will be apparent to
those of skill 1n the art, along with equivalent variations. In
addition, embodiments of the invention are not described
with reference to any particular programming language. It 1s
appreciated that a variety of programming languages may be
used to implement the present teachings as described herein,
and any references to specific languages are provided for
disclosure of enablement and best mode of embodiments of
the invention. Embodiments of the invention are well suited
to a wide variety of computer network systems over numer-
ous topologies. Within this field, the configuration and
management of large networks include storage devices and
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computers that are communicatively coupled to dissimilar
computers and storage devices over a network, such as the
Internet.

A number of implementations have been described. Nev-
ertheless, 1t will be understood that various modifications
may be made. For example, advantageous results may be
achieved 1f the steps of the disclosed techmiques were
performed 1n a different sequence, or 1f components of the
disclosed systems were combined 1n a different manner, or
if the components were supplemented with other compo-
nents. Accordingly, other implementations are contemplated
within the scope of the following claims.

What 1s claimed 1s:

1. A process for music struction, comprising:

capturing a performance of a musical score;

comparing a musical score model to the captured perfor-

mance of the musical score;

determining a degree of difficulty for the musical score,

wherein the musical score degree of difliculty 1s deter-
mined based on modeling a segment of the musical
score as a discrete random variable, wherein each note
in the segment 1s a possible outcome of the random
variable, and wherein the probability of each outcome
1s proportional to the duration of the corresponding
note;

determiming an entropy for the musical score; and

automatically evaluating the captured performance based

on musical score degree of difliculty determined as a
function of the musical score entropy.

2. The process of claim 1, wherein the musical score
model 1s determined as a function of the musical score.

3. The process of claim 1, wheremn the musical score
model turther comprises a model determined as a function of
frequency-domain analysis.

4. The process of claim 1, wherein the musical score 1s
selected based on the musical score degree of difliculty.

5. The process of claam 1, wherein the process further
COmprises:

presenting the musical score to a student; and,

capturing a representation of audio energy from the stu-

dent’s performance of the musical score.

6. The process of claim 1, wherein comparing a musical
score model to a captured performance of the musical score
further comprises at least one model determined as a func-
tion of a music characteristic selected from the group
consisting of pitch, volume, and rhythm.

7. The process of claim 1, wherein the process further
comprises repeating the process with a musical score
selected as a function of the captured performance evalua-
tion.

8. The process of claim 1, wherein the captured perfor-
mance of the musical score further comprises the perfor-
mance of the musical score captured by a microphone.

9. An apparatus for musical instruction, comprising:

one or more processors; and

a memory connected to the one or more processors and

encoding computer readable instructions, including

processor executable program instructions, the com-

puter readable instructions accessible to the one or

more processors, wherein the processor executable

program 1nstructions, when executed by the one or

more processors, cause one or more processors to

perform operations comprising:

capture a performance of a musical score;

compare a musical score model to the captured pertor-
mance of the musical score;
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determine a degree of dithculty for the musical score, capture, via the microphone, a representation of
wherein the musical score degree of difhiculty is audio energy from a performance of the musical
determined based on modeling a segment of the score;
musical score as a discrete random variable, wherein compare the musical score model to the captured
each note 1n the segment 1s a possible outcome of the 5 performance of the musical score performed;
random variable, and wherein the probabality of each calculate a degree of similarity between the musical

outcome 1s proportional to the duration of the cor-
responding note;

determine an entropy for the musical score; and

automatically evaluate the captured performance based on 10

musical score degree of dificulty determined as a

function of the musical score entropy.
10. The apparatus of claiam 9, wherein the operations
performed by the one or more processors further comprise
determining the musical score entropy based on a numerical 15
analysis of the musical score.
11. The apparatus of claim 9, wherein the musical score
entropy 1s measured as a function of bits per second.
12. The apparatus of claim 10, wherein the musical score
entropy 1lurther comprises rhythmic entropy and pitch 20
entropy.
13. An apparatus, comprising;
a Processor;
a microphone, operably connected to the processor;
a user interface, operably connected to the processor; 2
and,
a memory processor and encoding computer readable
instructions, including processor executable program
instructions, the computer readable 1nstructions
accessible to the processor, wherein the processor 30
executable program instructions, when executed by
the processor, cause the processor to perform opera-
tions comprising:
construct a musical score generated as a function of
a predetermined musical score degree of dith- 35
culty;

construct a musical score model determined as a
function of the generated musical score;

present the musical score to a music student, via the
user interface; % % k%

score model and the captured performance based
on the comparison;

evaluate the captured performance based on musical
score degree of difliculty determined as a function
of the musical score entropy, wherein the musical
score degree of difliculty 1s determined based on
modeling a segment of the musical score as a
discrete random variable, wherein each note 1n the
segment 1s a possible outcome of the random
variable, and wherein the probability of each out-
come 1s proportional to the duration of the corre-
sponding note; and,

provide via the user interface to the music student
feedback determined as a function of the calcu-
lated degree of similarity between the musical

score model and the captured performance.
14. The apparatus of claim 13, wherein the operations
5 performed by the processor further comprise:
determining 1f the performance was acceptable based on
comparing the degree of similarity to a predetermined
performance metric minimum level;
upon a determination the performance was acceptable,
increasing the predetermined musical score degree of
difficulty; and,

repeating the operations performed by the processor.

15. The apparatus of claim 14, wherein the operations
performed by the processor further comprise: upon a deter-
mination the performance was not acceptable, decreasing
the predetermined performance metric mmimum level.

16. The apparatus of claim 13, wherein the musical score
entropy 1lurther comprises rhythmic entropy and pitch
entropy.
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